Early physics with the ATLAS and CMS detectors at LHC by Holzner, AndrÃ© G
Available on CMS information server CMS CR-2008/027
The Compact Muon Solenoid Experiment
Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland
Conference Report
3 June 2008




The Large Hadron Collider (LHC) at CERN in Geneva (Switzerland) will go into operation in the
coming months and will soon enable us to analyse the highest energy collisions ever produced at an
accelerator. With a design integrated luminosity of up to 100/fb per year and a centre-of-mass energy
of 14 TeV it will not only allow us to probe the Standard Model beyond the TeV scale but also search
for new phenomena such as the Higgs boson, supersymmetric particles, extra spatial dimensions etc.
This article summarises a few selected analyses which are foreseen to be performed with the first 0.01
to 1/fb.
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Abstract.
The Large Hadron Collider (LHC) at CERN in Geneva (Switzerland) will go into
operation in the coming months and will soon enable us to analyse the highest energy
collisions ever produced at an accelerator. With a design integrated luminosity of up to 100
fb−1 per year and a centre-of-mass energy of 14 TeV it will not only allow us to probe the
Standard Model beyond the TeV scale but also search for new phenomena such as the Higgs
boson, supersymmetric particles, extra spatial dimensions etc. This article summarises a few
selected analyses which are foreseen to be performed with the first 0.01 to 1 fb−1.
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1. STATUS AND SCHEDULE
At the time of writing the LHC machine is being cooled down to the nominal
operating temperature of the superconducting magnets. Two out of the eight LHC
sectors are still at room temperature, three are between 20 and 200 Kelvin and the
remaining three are cooled down to two Kelvin [1]. The machine should be closed
end of June 2008 and should see first beams one month later. Some dipole magnets
in one of the sectors unexpectedly quenched below the design current causing the
need for some retraining. It was therefore decided to run LHC at
√
s= 10 TeV in
2008 while 14 TeV is foreseen after the winter shutdown [2].
On a longer time scale, the steps towards the design performance of LHC are
grouped into four phases as shown in Table 1. Assuming successful operation over
three to four months (taking into account a realistic machine efficiency), a delivered
integrated luminosity of 20 pb−1 for 2008 can be within reach.










A 2008 pilot physics run 6 ·1030 ∼ 15
B 2009 intermediate physics run 1 ·1032 ∼ 300
C 2009 25 ns run I 1 ·1033 ∼ 3000
D after 2009 25 ns run II 4 ·1033 ∼ 10000
Both ATLAS and CMS installations are close to complete (apart from e.g. one of
FIGURE 1. CMS inner tracker insertion in December 2007
the CMS electromagnetic calorimeter endcaps) and the detectors are now exercising
their data acquisition and trigger systems using cosmic rays. One of the last big
milestones for the CMS detector was the insertion of the inner tracking system in
December 2007 (Figure 1).
2. EARLY DATA ANALYSES
It should be mentioned here that in the first months of data taking with beam
a big effort will go into understanding the behaviour of the detector, the trigger
and the data acquisition system. At the same time the calorimeters need to be
calibrated and the muon and central tracking chambers need to be aligned in situ
in order to achieve the best possible performance. Some of the analyses described
in the following take the less-than-optimal detector performance (miscalibration
and misalignment) into account.
2.1. Underlying event
In hadron-hadron collisions the hard scattering of the quarks and gluons is
accompanied by initial and final state radiation as well as soft interactions by the
beam remnants. Everything other than the hard scattering process in a collision is
referred to as the underlying event. Soft interactions are not calculable from first
principles and thus phenomenological models are used.
As the particles of the underlying event can be emitted in the vicinity of
leptons a good knowledge of the underlying event properties is essential for the
understanding of lepton isolation efficiencies. Furthermore, particles originating
from the underlying event also contribute to the energies measured of hard jets
and therefore one needs to know how much the underlying event contributes on
average to each jet’s energy. A nice example of how the mass spectrum of resonances
decaying into hadrons can be shifted and a method to correct for this is given in [5].
The number of soft interactions per proton-proton collision is proportional to the
luminosity per bunch crossing which itself depends on the instantaneous luminosity;
the number of soft interactions per collision is usually larger for high luminosity
than for low luminosity running and the corrections mentioned above depend on
the instantaneous luminosity.
The strategy for comparing different models describing the underlying event is to
select events with two back-to-back jets and count the number of charged particles
in the region transverse to the jets axis. Different models – which give consistent
results at Tevatron energies – then show significant differences at LHC energies
when the average number of charged particles is drawn as a function of the leading
charged jet transverse momentum.
CMS has performed a study using minimum bias and di-jet samples and different
tracker alignment precision scenarios [6]. PYTHIA tunes DW, DWT, S0 and
HERWIG were compared. With the statistics and the alignment of 100 pb−1
one can already see a clear difference between the DW and the DWT tunes in
the distributions of the average number of charged particles (per unit detector
region) and the sum of the transverse momenta of charged particles (per unit
detector region) as function of the leading charged jet transverse momentum in
the region transverse to the leading jet. The predictions of these two tunes (for
the two variables mentioned) differ by about 20% for LHC energies while they give
identical results at
√
s= 1.96 TeV [7].
ATLAS has performed a tuning of the PYTHIA parameters to existing data
(mostly from CDF, UA5 and E735) and done a comparison [8] between this tune
and PHOJET. They find that the average number of charged particles and the
pT sum of charged particles in the region transverse to the leading jet differ by a
factor of about two between these two generators.
2.2. W/Z production (leptonic decay)
These processes have several advantages: their cross section is of the order of
nanobarns, they have a charged lepton in the final state which can be triggered on
and their decay properties have been measured at previous colliders (e.g. at LEP) to
high precision. Furthermore, there are now fully differential calculations (rapidity
and transverse momentum of the boson) available at NNLO QCD [9] which reduces
the theoretical scale uncertainty to less than 1%. One further advantageous feature
of Z events is that backgrounds can be estimated from the off-resonance regions in
the di-lepton invariant mass spectrum (sidebands).
CMS describes selections to be used for the first 10 pb−1 of collected data for
decays of W and Z bosons into electrons [10] and muons [11].
2.2.1. Electron channels
These selections start from one (W) or two (Z) electron candidates with a
transverse energy of at least 20 GeV. They must satisfy a track based isolation
criterion and have a small ratio of hadronic to electromagnetic energy. The width
of the electromagnetic shower in the direction parallel to the beam pipe must be
below a given value (there is no such requirement for the shower width in the
direction perpendicular to that because showers can be spread over a large range
in this direction due to the emission of bremsstrahlung photons). Furthermore
the track associated to the electron candidate must be close to the cluster when
extrapolated to the electromagnetic calorimeter.
For the Z analysis the additional requirement that the electron-electron invariant
mass be between 70 and 110 GeV is made. About 4000 events are selected (after
subtraction of the very small background) for 10 pb−1. This corresponds to an
acceptance of 33% and an efficiency of 68%. The dominant source of uncertainty
for the cross section measurement is expected to be due to the uncertainty of the
collected luminosity. In light of the fact that the theoretical cross section predictions
are more precise than that, one is tempted to turn this analysis into a luminosity
measurement [12].
For the W analysis the electroweak background (W to τ and Z decays) are
about 5% of the size of the W signal which can be estimated from simulation.
The contribution of the hadronic background (mostly di-jet events where one jet
is misidentified as an electron) to the missing transverse energy distribution will
be determined from the data itself. A method proposing to do this by removing
one electron from Z events and by inverting the isolation criteria in di-jet events is
described in [10]. Close to 68000 events are expected after background subtraction
for 10 pb−1 at an acceptance of 52% and a selection efficiency of 65%.
ATLAS has investigated the possibility of further constraining parton density
functions (PDFs) using W decays into electrons [13]. Re-fitting the ZEUS-S PDF to
the e+ and e− rapidity distributions from Monte Carlo events (leaving the absolute
normalisation of the distribution free in order not to depend on any luminosity
measurement) the biggest improvement is seen in the parameter controlling the
low-x gluon. This is not surprising as we will have access to x values down to
about 10−4 with W and Z bosons at
√
s = 14 TeV and the gluon is the dominant
parton at this Q2 ∼ (100 GeV)2.
2.2.2. Muon channels
The analysis in [11] starts off with the requirement for one or two reconstructed
muons (for the W or Z analysis respectively) which satisfy a track based isolation
criterion. Only muons with a transverse momentum above 20 (25) GeV are accepted
for the Z (W) selection. The invariant mass of the muon pair must be above 40 GeV
for the Z analysis. In the case of the W selection a lower cut on the reconstructed
transverse mass is applied at 50 GeV.
A procedure similar to the one used in the case of W decays to electrons is
used to estimate the QCD background. It is based on inversion of the isolation
cut (to determine the amount of background) and removing one muon from Z
events (to estimate the shape of the transverse mass distribution of W events in
the QCD-enriched background region).
2.2.3. Determining efficiencies from data
The production of Z bosons is foreseen to be used to estimate lepton reconstruc-
tion efficiencies from the data using a ‘tag and probe’ method [14]. This is done
by selecting events with a lepton satisfying very stringent cuts (‘tag lepton’) and
then looking for a second lepton in the event which is consistent with originating
from a Z decay and passing the set of cuts for which one wants to determine the
efficiency (‘probe lepton’). The background passing this selection is reduced to a
minimum by imposing very tight criteria on the tag lepton.
2.3. Top pair production
The top pair production cross section at the LHC is 830 pb at NLO [15].
Compared to about 8 pb at the Tevatron (e.g. as measured by the D0 collaboration
[16]), the top pair production cross section is more than hundred times larger at
LHC. With its goal of delivering 10 fb−1 per year of low luminosity running, the
LHC will be a top factory and should allow to study the properties of top quarks
in great detail.
The final states of top pair events are determined by the fact that the decays are
almost exclusively into a W and a b quark and by the branching ratios of the W
boson. Three types of experimental signatures are thus distinguished as described
in Table 2.
TABLE 2. Experimental signatures for tt¯ events. For the sake of simplicity
the assumption was made in the third column that one quark will produce
one jet which is however not the case for all events.
tt¯ final state tt¯ Branching Ratio Experimental signature
Hadronic 46% Two b-jets and four light jets
Semi-leptonic 44% (29 % to e/µ) Two b-jets, two light jets,
one charged lepton
and missing transverse energy
di-lepton 10% (5% to e/µ) Two b-jets, two charged leptons
and missing transverse energy
Due to the fact that top pair events have all kinds of objects in the final state
(electrons, muons, light and b jets and missing transverse energy), they will help
to understand a large variety of reconstruction aspects. Furthermore, they are a
background to many searches for new physics and therefore must be understood
before a signal can be claimed in these search channels.
With 20 pb−1, about 800 di-lepton and about 4700 semi-leptonic (e/µ) events
are produced which should allow the observation of top pair events [17]. With ten
times more data, background rates can be estimated from data, the production
cross section can be measured, measurements of the top mass will become feasible
and distributions of several quantities (such as the reconstructed top mass, the
reconstructed transverse top mass, the top transverse momentum) can looked at
it more detail. At the same stage events involving decays to taus can be observed.
2.3.1. Di-lepton channel
The analysis described in [18] starts from events triggered by the single or
di-lepton trigger. At least two jets and two reconstructed isolated leptons with
opposite charge must be present in the event. All four objects must have a
transverse momentum above 20 GeV. To exploit the presence of the two neutrinos
from the W decays, a requirement that the missing transverse energy be above 40
GeV is made. A b-tag criterion is applied to select two b jets in the event. Then, a
kinematic fit imposing W mass constraints is imposed which allows to reconstruct
a clear top mass peak. At 1.2% the efficiency is quite low but still 657 signal events
are expected for 1 fb−1. The signal to background ratio of 12:1 makes this analysis
robust with respect to background uncertainties.
2.3.2. Semi-leptonic channel
The following describes the CMS analysis in the muon channel [19]. Events
triggered by the single muon trigger are selected if they have at least for jets with
transverse energy above 30 GeV. The muon is required to be isolated and must have
a transverse momentum of at least 20 GeV. Two jets need to be likely to originate
from a b quark. A kinematic fit imposing a W mass constraint is applied. At the
final stage of the selection the efficiency is 6.3%. Using leading order cross sections
and under the assumption of an integrated luminosity of 1fb−1, 5211 semi-leptonic
tt¯ (muon channel only) are expected compared to 1084 from other tt¯ decays, 104
from W + jets, 82 from Wbb + 2 jets and 50 from Wbb + 3 jets.
ATLAS has studied the scenario of an integrated luminosity of 150 pb−1 and the
absence of b-tagging [20]. In this analysis, an isolated lepton above 20 GeV trans-
verse momentum and missing transverse energy above the same value is required.
Only events with exactly four jets above 40 GeV transverse momentum pass the
selection. This selection has an efficiency of 4.5%. There are four possibilities to
assign three of the four jets to the top decay in which the W decays hadronically.
In order to select the ‘best’ jets assignment the combination where the three jets
system has the highest transverse momentum is chosen. Using this procedure, a
peak at 167 GeV can be obtained clearly visible above the W + jets background.
3. CONCLUSIONS
The LHC is foreseen to deliver the first proton-proton collisions in 2008. Several
interesting physics topics which can be pursued with the two omni-purpose de-
tectors ATLAS and CMS with integrated luminosities between 10 and 1000 pb−1
have shortly been described. We all look forward to seeing the first data at energies
never accessible before at a collider !
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